High dielectric constant ͑k͒ dielectric/III-V compound semiconductor interfaces are of interest for metal-oxidesemiconductor field effect transistors, because III-V semiconductors allow for higher electron mobilities than Si. Major challenges include finding suitable dielectrics allowing for high capacitance densities ͓low equivalent oxide thickness ͑EOT͔͒ and the development of passivation schemes for the typically very high density of interface trap states ͑D it ͒. 4 resulting in an unpinned Fermi-level that can be moved past midgap for n-type In 0.53 Ga 0.47 As. In this work, HfO 2 was deposited using hafnium tert-butoxide ͑HTB͒ as the source after short exposure of the In 0.53 Ga 0.47 As surface to trimethylaluminum ͑TMA͒ prior to HfO 2 deposition. 4 TMA plays an important role in high-k / III-V technology, because it is widely used for atomic layer deposition of Al 2 O 3 / III-V interfaces and can aid in removing unwanted native oxides from the III-V surface. 5 The goal of the studies reported in this letter is to further investigate the mechanisms by which TMA influences the growth and electrical properties of high-k / III-V interfaces.
Substrates were commercial, As-capped, 300 nm thick n-In 0.53 Ga 0.47 As layers ͑Si doping: 1 ϫ 10 17 cm −3 ͒ that were grown by molecular beam epitaxy ͑MBE͒ on ͑001͒ n ϩ -InP wafers ͑IntelliEpi, Richardson, Texas͒. The As-cap was removed in situ prior to dielectric deposition by heating the substrate in the MBE system. The In 0.53 Ga 0.47 As surface reconstruction was monitored during and after As-decapping and TMA exposure, respectively, using reflection highenergy electron diffraction. By heating to 400 and 460°C, respectively, ͑2 ϫ 4͒ and ͑4 ϫ 2͒ surface reconstructions could be obtained after decapping and preserved until HfO 2 film growth. Surfaces were exposed to TMA using different doses, by varying flux, exposure time ͑3-30 s͒, and substrate temperatures ͑223-300°C͒. The TMA flux was varied by adjusting the baratron pressure of the gas inlet system between 0.1 and 0.4 torr ͑no carrier gas was used͒. For all conditions, TMA exposure had only a minor influence on the observed surface reconstruction. For ͑2 ϫ 4͒ surfaces, reflections from ␤͑2 ϫ 4͒ weakened in intensity relative to those from ␥͑2 ϫ 4͒. HfO 2 was deposited using HTB as the source, as described in Refs. 4 and 6, at a substrate temperature of 400°C. The HfO 2 film surface morphology was characterized using scanning electron microscopy ͑SEM͒. MOSCAPs were fabricated after annealing for 5 min in nitrogen at 400°C by depositing 50 nm Pt metal gates by electron beam evaporation through a shadow mask. All MOSCAPs were annealed in forming gas ͑95% of N 2 and 5% of H 2 ͒ for 50 min at 400°C. Back contacts were Ti ͑20 nm͒/Pt ͑20 nm͒/Au ͑250 nm͒. Frequency-dependent capacitance-voltage ͑CV͒ and conductance-voltage ͑GV͒ measurements were carried out at room temperature from 1 kHz to 1 MHz in the dark using an impedance analyzer ͑Agilent 4294͒. Capacitance and conductance values were corrected for series resistance ͓Eqs. ͑5.88͒, ͑5.90͒, and ͑5.91͒ in Ref. 7͔ . Interface electrical properties were analyzed using the Terman and conductance methods. 1, 6, 8 To calculate the EOT, the oxide capacitance was estimated from 1 MHz CV curves by mapping onto a calculated CV curve, which included the effects of the low density of states in the conduction band. 8 Figures 1͑a͒-1͑c͒ show SEM images of HfO 2 film surfaces deposited on In 0.53 Ga 0.47 As with and without prior TMA exposure at 300°C, respectively. Without TMA, HfO 2 grows in three-dimensional island growth mode, and the films exhibit large surface grains ͓Fig. 1͑a͔͒. Island growth is typical in the deposition of binary high-k oxides from metalalkoxide precursors, 9-11 as well as for electron beam deposited HfO 2 on III-V semiconductors. 12 The minimum thickness required to obtain a coalesced HfO 2 film without TMA exposure was around 30 nm. In contrast, short TMA exposure of a ͑2 ϫ 4͒ reconstructed In 0.53 Ga 0.47 As surface prior to HfO 2 deposition resulted in fully coalesced HfO 2 films for thicknesses down to 8 nm ͓Fig. 1͑b͔͒. The higher density of surface grains in Fig. 1͑b͒ indicates that TMA acts as a surfactant and increases the density of nucleation sites for HfO 2 growth. The TMA/ HfO 2 deposition process allows for EOT scaling. Figure 1͑d͒ shows CV curves of 8, 10, and 18 nm thick HfO 2 films measured at 1 MHz. Figure 1͑c͒ shows the surface morphology of an HfO 2 film deposited after TMA exposure on the group-III-rich ͑4 ϫ 2͒ reconstructed In 0.53 Ga 0.47 As surface. The HfO 2 islands are not yet completely coalesced even at a film thickness of 11 nm. The results indicate that TMA bonds more strongly to the ͑2 ϫ 4͒ surface. According to Ref. 13 , TMA dissociates into dimethylaluminum ͑DMA͒, Al͑CH 3 ͒ 2 + , which bonds to the As-sites on the III-V surface. The group-III-rich ͑4 ϫ 2͒ surfaces offer fewer As-sites for chemisorption of DMA, resulting in fewer nucleation sites for subsequent HfO 2 growth.
To investigate the influence of TMA on the electrical characteristics, ͑2 ϫ 4͒ reconstructed In 0.53 Ga 0.47 As surfaces are used in the remainder of this study. Figure 2͑a͒ summarizes the influence of TMA exposure parameters ͑substrate temperature, TMA exposure time, and flux͒ on the electrical properties of HfO 2 / In 0.53 Ga 0.47 As interfaces. The red circles indicate unpinned interfaces, defined here as those for which the Fermi-level at the interface could be moved into the lower half of the band gap after annealing in forming gas. The open symbols indicate interfaces that are effectively pinned at midgap for the maximum applied voltage. To illustrate the differences, Fig. 2͑b͒ shows a CV curve that is typical for the MOSCAPs marked by red filled circles in Fig.  2͑a͒ , whereas Fig. 2͑c͒ shows typical CV for MOSCAPs marked by open symbols in Fig. 2͑a͒ . Both MOSCAPs have an ϳ18 nm thick HfO 2 film and were processed under identical conditions. Note the smaller stretch-out and lower frequency dispersion at negative biases for the MOSCAP shown in Fig. 2͑b͒ , indicative of a lower D it ͑Ref. 1 and 8͒ ͑for a quantitative analysis, see below͒. The depletion capacitance for the MOSCAP in Fig. 2͑b͒ is close to its ideal value ͑0.119 F / cm 2 ͒, 4 while that of Fig. 2͑c͒ is larger, indicating that the Fermi-level movement is limited to the upper half of the band gap. Figure 2͑a͒ shows that unpinned interfaces are observed for TMA exposure at substrate temperatures below 250°C with small doses ͑baratron pressures of less than FIG. 1. ͑Color online͒ Plan-view SEM images of HfO 2 films grown on In 0.53 Ga 0.47 As surfaces ͑a͒ without TMA exposure, ͑b͒ after TMA exposure of a ͑2 ϫ 4͒ reconstructed surface, and ͑c͒ after TMA exposure of a ͑4 ϫ 2͒ reconstructed surface. The HfO 2 film thicknesses were ͑a͒ ϳ30 nm, ͑b͒ ϳ10 nm, and ͑c͒ ϳ11 nm. ͑d͒ CV curves measured at 1 MHz of 8 nm ͑blue͒, 10 nm ͑gray͒, and 18 nm ͑red͒, forming gas annealed HfO 2 / In 0.53 Ga 0.47 As MOSCAPs, grown on TMA-exposed ͑2 ϫ 4͒ reconstructed In 0.53 Ga 0.47 As surfaces.
FIG. 2. ͑Color online͒ ͑a͒
Relationship between TMA exposure conditions ͑baratron pressure, substrate temperature, and exposure time͒ and interface electrical characteristics. All films were grown on ͑2 ϫ 4͒ reconstructed surfaces. Red filled circles indicate interfaces with an unpinned Fermi-level. ͓͑b͒ and ͑c͔͒ CV curves measured as a function of frequency typical for ͑b͒ MOSCAPs marked by red filled symbols in ͑a͒, and ͑c͒ MOSCAPs marked by open symbols in ͑a͒.
0.1 torr and short exposure times of around 10 s͒. At 250°C both pinned and unpinned interfaces are obtained, as indicated. The HfO 2 films grown on TMA deposited at the lowest temperature ͑228°C͒ are too thin ͑3-4 nm͒ and not yet fully coalesced. In addition to the data points shown in Fig.  2͑a͒ , additional samples were grown under low dose/low temperature conditions, and these were all unpinned after forming gas anneals.
Although the nature of the defects created by too high doses of TMA or by too high substrate temperatures is not known, the results indicate that these defects effectively prevent Fermi-level unpinning by the forming gas anneal. Interestingly, HfO 2 is subsequently deposited at a higher temperature, so raising the substrate temperature after the TMA exposure does not appear to prevent Fermi-level unpinning by the forming gas anneal. Figure 3 shows a quantitative analysis of the MOSCAP shown in Fig. 2͑b͒ . The conductance map ͓Fig. 3͑a͔͒ is an indicator of how efficient the Fermi-level moves as a function of gate bias. 6, 14 The normalized parallel conductance peak ͓͑G p / ͒ / Aq͔ max , where G p is the parallel conductance, is the frequency, A is the MOSCAP area, and q is the elementary charge, moves efficiently as a function of gate bias between ϳ0.15 and 0.3 eV below the conduction band edge. Figure 3͑b͒ shows the D it distribution as calculated using the Terman method. 8 D it varies between 6 ϫ 10 12 and 2 ϫ 10 13 / eV cm 2 . The minimum D it , at 0.3 eV below the conduction band edge, corresponds to the energy range in which the conductance map indicates efficient Fermi-level movement. The inset of Fig. 3͑b͒ compares the extracted semiconductor band bending with the ideal ͑no D it ͒ band bending. A band bending of more than 0.6 eV from the flatband condition, s = 0, is achieved, which is large, considering the relatively low C ox of 0.8 F / cm 2 . Similar interface characteristics were obtained for the thinner HfO 2 films shown in Fig. 1͑d͒ .
In summary, the results show that TMA increases the nucleation density for HfO 2 growth from HTB on ͑2 ϫ 4͒ reconstructed In 0.53 Ga 0.47 As surfaces, allowing for unpinned Fermi-levels and thin coalesced HfO 2 films. TMA is not an efficient surfactant for HfO 2 growth on ͑4 ϫ 2͒ reconstructed surfaces, most likely because of the lower density of As bonding sites. Too high doses of TMA and high substrate temperatures during TMA exposure, even if too low to affect the III-V surface reconstruction, cause degradation of the interface electrical properties ͑Fermi-level pinning͒ that cannot be recovered by forming gas annealing. 
